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Abstract  
The wide occurrence of pharmaceuticals in aquatic environments urges the development of 
cost-effective solutions for their removal from water. In a circular economy context, 
primary paper mill sludge (PS) was used to produce activated carbon (AC) aiming the 
adsorptive removal of these contaminants. The use of low-cost precursors for the 
preparation of ACs capable of competing with commercial ACs continues to be a 
challenge. A full factorial design of four factors (pyrolysis temperature, residence time, 
precursor/activating agent ratio, and type of activating agent) at two levels was applied to 
the production of AC using PS as precursor. The responses analysed were the yield of 
production, percentage of adsorption for three pharmaceuticals (sulfamethoxazole, 
carbamazepine, and paroxetine), specific surface area (SBET), and total organic carbon. 
2 
Statistical analysis was performed to evaluate influencing factors in the responses and to 
determine the most favourable production conditions. Four ACs presented very good 
responses, namely on the adsorption of the pharmaceuticals under study (average 
adsorption percentage around 78%, which is above that of commercial AC), and SBET 
between 1389 and 1627 m2 g-1. A desirability analysis pointed out 800 ºC for 60 minutes 
and a precursor/KOH ratio of 1:1 (w/w) as the optimal production conditions. 
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1. Introduction 
Pharmaceuticals are currently recognized as an important group of environmental 
contaminants that can affect the ecosystems, even at very low concentrations (ng L-1 to µg 
L-1 level) [1-3]. The contamination of water systems by pharmaceuticals is mainly due to 
the inefficiency of primary and secondary treatments of wastewater treatment plants 
(WWTPs) to remove these compounds. The application of advanced tertiary treatments 
such as ultrafiltration, adsorption onto activated carbon (AC), and advanced oxidation 
processes (AOPs), is not generalized since those can be rather expensive [4-7]. European 
Union has already assumed the need of a new approach concerning aquatic pollution by 
pharmaceuticals and the development of low-cost strategies for water remediation [8].  
AC is a versatile material that possesses high specific surface areas (SBET) and 
unique surface chemistry properties showing, in general, good removal efficiencies towards 
organic compounds, without the formation of reaction by-products as it is the case, for 
instance, of AOPs [9-11]. The main limitation regarding the application of AC in WWTPs 
is the high cost of the available commercial ACs, for which the used precursors have a 
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great contribution [12]. Therefore, the use of wastes (industrial and agricultural) as new 
resources to produce ACs is gaining increasing attention since it can be also an alternative 
management strategy, in line with the new paradigm of a circular and sustainable economy 
[13, 14]. Primary paper mill sludge (PS), a residue derived from the primary treatment of 
the effluents of the pulp and paper industry, may be a promising precursor of ACs. Its 
potential as precursor of non-ACs, applied in the removal of pharmaceuticals from water, 
has already been shown [15-20]. Pulp and paper industry generates a huge amount of 
residues [20, 21] and this application represents an unconventional and innovative way of 
waste management [20], also contributing to minimize the high costs associated to the 
application of ACs in WWTPs.  
The production of AC can be performed via physical or chemical activation together 
with thermal decomposition under limited supply of oxygen (pyrolysis). The main 
advantages of chemical activation include the achievement of higher SBET and lower 
production costs when compared with physical activation [22]. Moreover, chemical 
activation can be performed in one step, involving the impregnation of the raw material 
with the activating agent followed by the pyrolysis of the impregnated material, with the 
advantage of being costless relatively to the two-step activation. The most commonly used 
activating agents are zinc chloride (ZnCl2), alkali hydroxides, generally, potassium 
hydroxide (KOH) and sodium hydroxide (NaOH), phosphoric acid (H3PO4), sulphuric acid 
(H2SO4), and potassium carbonate (K2CO3) [23]. KOH and K2CO3 are believed to act as 
intercalating agents with potassium ions functioning as template for the formation of 
porosity [24]. These two activating agents present themselves as more environmentally 
friendly when compared with the use of acids or even ZnCl2.  
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The remediation of contaminated water and the industrial waste management are 
two great challenges of the scientific community that could be addressed in an integrated 
approach. Therefore, in this work, a full factorial design was applied for the production of 
an alternative AC using PS as precursor with the aim of obtaining a waste-based highly 
efficient material, capable of competing with commercial AC (often produced from non-
renewable sources). Pyrolysis temperature, residence time, activating agent and 
precursor/activating agent ratio were tested and the responses analysed were the yield of 
production, percentage of adsorption of three different classes of pharmaceuticals – an anti-
epileptic (carbamazepine, CBZ), an antibiotic (sulfamethoxazole, SMX), and an 
antidepressant (paroxetine, PAR) –, SBET, and total organic carbon (TOC). A commercial 
AC was used as reference.  
 
2. Experimental 
2.1. Reagents 
The reagents used for the activation process were potassium hydroxide (KOH; EKA 
PELLETS, ≥ 86%) and potassium carbonate (K2CO3; AnalaR NORMAPUR, 99.8%). For 
the washing step hydrochloric acid (HCl; AnalaR NORMAPUR, 37%) was used. The 
pharmaceuticals used for the adsorption tests were CBZ (Sigma-Aldrich, 99%); SMX (TCI, 
>98%); and PAR (paroxetine-hydrochloride; TCI, >98%). All the solutions were prepared 
in ultra-pure water obtained from a Milli-Q Millipore system (Milli-Q plus 185). The AC 
used as reference was PBFG4, kindly provided by Chemviron. 
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2.2. Preparation of ACs – Full Factorial Design and statistical analysis 
To produce the ACs, PS from a pulp and paper industry was used as precursor. The 
factory operates with a kraft elemental chlorine free production process and uses eucalyptus 
wood (Eucalyptus globulus). PS was dried at room temperature followed by a 24 h period 
at 105 ºC in an oven and then it was grinded with a blade mill.  
ACs were prepared by chemical activation, using KOH or K2CO3, and pyrolysis 
performed in one step to minimize the costs associated with the production. To test the best 
production conditions, a full factorial design was applied using four factors at two levels, 
namely, the pyrolysis temperature (650 ºC and 800 ºC), X1, the residence time (60 minutes 
and 150 minutes), X2, the precursor/activating agent ratio (10:1 and 1:1), X3, and the type 
of activating agent (K2CO3 and KOH), X4. PS was impregnated with the activating agent, 
stirred during 1 h, and left to dry at room temperature. The dried materials were pyrolysed, 
under N2 atmosphere, in porcelain crucibles in a muffle (Nüve, series MF 106, Turkey). 
Overall, sixteen ACs were obtained (ACs 1 to 16), which were subjected to a washing step 
with a 1.2 M solution of HCl to remove ashes. The responses considered to perform the 
statistical analysis were the yield of production (η), calculated by equation 1, the percentage 
of adsorption for CBZ, SMX, and PAR, the SBET, and the TOC. 
𝜂(%) = ௙௜௡௔௟ ௠௔௦௦ ௢௙ ஺஼ (௚)
௠௔௦௦ ௢௙ ௣௘௥௖௨௥௦௢௥ (௚)
𝑥100%      (1) 
 The behaviour of the responses was described by a second-order interaction model 
(equation 2), 
𝑦 = 𝛽଴ + ∑ 𝛽௜𝑥௜௞௜ୀଵ + ∑ 𝛽௜௝𝑥௜𝑥௝ + 𝜀௞ଵஸ௜ஸ௝      (2) 
where 𝑘 is the number of variables, 𝛽଴ is a constant, 𝛽௜  is the coefficient of the 
effect of the variable 𝑥௜, the constant 𝛽௜௝  represents the coefficients of the interaction 
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parameters, 𝑥௜ and 𝑥௝ are the variables, and 𝜀 is the random error term [25]. The significant 
factors influencing each response were determined by means of the normal probability 
distribution plots. The effects outside the normal distribution were those considered for the 
model, since their estimates are the ones that most influence the responses. Then, the 
regression models were obtained by the least squares method and statistically evaluated by 
an analysis of variance (ANOVA) (Table S1 of Supplementary Material (SM)). This 
statistical analysis allowed to determine the best operational conditions for each response.  
A principal component analysis (PCA) was applied to group the produced ACs and 
to observe how they distributed themselves according to the responses. Also, a multiple 
response analysis was applied to determine the set of conditions that simultaneously 
satisfied all responses, corresponding to the best balance among different response 
variables. This was achieved by applying a Derringer function, also called desirability 
function (equations S1 and S2 in SM). The Yi* and Yi* (equation S1) used were, 
respectively, the minimum and maximum values obtained for each response, and the r 
value considered was 1, indicating that all responses possess the same importance [26]. 
OCTAVE was used to perform the statistical analysis for ANOVA, PCA and desirability 
function. 
 
2.3. Adsorption tests (batch experiments) 
 Batch experiments under agitation were carried out to determine the adsorption of 
the selected pharmaceuticals onto the sixteen produced ACs and to evaluate their adsorptive 
performance. Pharmaceutical solutions of CBZ, SMX, or PAR with an initial concentration 
of 5 mg L-1 were prepared separately. Each pharmaceutical solution was placed in contact 
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with each of the 16 ACs and shaken overnight in an overhead shaker (Heidolph, Reax 2) at 
80 rpm under controlled temperature (25.0 ± 0.1 ºC). The concentration of ACs was 
0.015 g L-1 which was chosen accordingly to the results obtained in preliminary tests.  
The solutions were filtered through 0.22 µm PVDF filters (Whatman) and 
immediately analysed. The quantification of pharmaceuticals in the aqueous phase was 
carried out by UV-Vis (T90+ UV/Vis Spectrometer) at 214 nm for CBZ and at 200 nm for 
SMX and PAR. The calibration curves were applied to a concentration range between 0.5 
and 5 mg L-1. All the matrices of the ACs were analysed and used as reference solution in 
the absorbance measurements. The adsorption tests were also performed for the commercial 
AC, PBFG4, used for comparison. All experiments were performed in triplicate. Also, 
control experiments (pharmaceutical solution without the adsorbent) were carried out 
simultaneously with adsorption experiments and used as reference for the calculation of 
adsorption percentages. 
 
2.4. Physical and chemical characterization of the ACs 
For all the produced and reference ACs, SBET and TOC content were determined. Four 
ACs were selected, based on their high ability to remove the studied pharmaceuticals from 
water, and were further characterized by the point of zero charge (pHpzc), the amount of 
surface acidic and basic functional groups, proximate and ultimate analyses and scanning 
electron microscopy (SEM), as described below.  
The SBET and micropore volume (W0) were determined by nitrogen adsorption 
isotherms. These isotherms were acquired at 77 K using a Micromeritics Instrument, 
Gemini VII 2380 after outgassing the materials overnight at 120 ºC. SBET was calculated 
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from the Brunauer–Emmett–Teller equation [27] in the relative pressure range 0.01–0.1. 
Pore volume (Vp) was estimated from the amount of nitrogen adsorbed at a relative pressure 
of 0.99. W0 was determined by applying the Dubinin-Astakhov (DA) equation to the lower 
relative pressure zone of the nitrogen adsorption isotherm.  
TOC was calculated by difference between the total carbon (TC) and inorganic 
carbon (IC) contents, that were determined through a TOC analyzer (TOC-VCPH 
Shimadzu, solid sample module SSM-5000A). All the analyses were performed in 
triplicate. 
pHpzc was determined by the pH drift method described in Jaria et al. (2015) [17]. For 
the determination of the main surface functional groups of the ACs, the Boehm’s titration 
method was used, as described in Ferreira et. al (2016) [18]. Briefly, 35 mL of the bases 
NaOH, Na2CO3 and NaHCO3 0.05 M, and acid, HCl 0.05 M, were separately equilibrated 
with 350 mg of AC and stirred at 80 rpm during 24 h at 25 ºC. Then, the solutions were 
filtered through 0.22 µm PVDF filters and 20 mL of each filtrate was titrated with 
standardized solutions of HCl, in the case of the reactive bases, and NaOH in the case of HCl, 
to determine the quantity of the respective reactants that were neutralized during the initial 
equilibration.  
Proximate analysis was performed by thermogravimetric analysis (TGA) in a 
thermogravimetric balance Setsys Evolution 1750, Setaram, TGA mode (S type sensor). 
Standard methods to determine the moisture (UNE 32002) (AENOR, 1995), volatile matter 
(UNE 32019) (AENOR, 1985) and ash content (UNE 32004) (AENOR, 1984) were 
employed and described in Jaria et al. (2017) [20].  
Ultimate analysis was performed in a LECO CHNS-932 elemental analyser. Standard 
methods were employed to determine C, H, N [28] and S [29]. The percentage of oxygen 
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was calculated by difference between 100% and the total percentage of C, H, N and S, after 
correcting for moisture. Sample amounts used in each analysis ranged between 1 and 2 mg. 
The carrier gas used was helium (200 mL min-1) and the samples were subjected to 
combustion 975 ºC using 15 mL of oxygen. Sulfamethazine was used as standard. 
The surface morphology of the produced ACs was analysed by SEM using a Hitachi 
SU-70. The images were obtained at magnifications of 3000, 10 000, 30 000, and 50 000 
times. 
 
3. Results and Discussion 
3.1. Full factorial design: responses 
The design matrix (codified variables) and the response values for the yield, 
percentage of adsorption (SMX, CBZ, and PAR), TOC and SBET are presented in Table 1. 
Also, the cumulative percentage of adsorption of the three pharmaceuticals and the SBET of 
the ACs are graphically represented in Figure 1. 
  The results indicate that the highest temperature (X1) and the highest impregnation 
ratio (X3) were the most favourable conditions. The ACs from AC1 to AC8 simultaneously 
present the largest percentages of adsorption and highest SBET. These ACs have in common 
being produced with the maximum pyrolysis temperature here considered (800 ºC), 
showing that this temperature positively influences the development of porosity. ACs 3, 4, 
6, and 7 present the highest SBET and the largest percentages of adsorption for CBZ, SMX 
and PAR. It is noteworthy that these waste-based ACs removed significantly higher 
pharmaceutical percentages than the commercial AC (PBFG4) used as reference. 
Considering the results of TOC, all the produced carbons possess a high TOC content. 
Despite not being considered as a response of the full factorial design, it is also interesting 
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to refer that all ACs present very low percentage of IC (below 2%). Amongst the 16 
experiments, ACs 3, 4, 6, and 7 present the highest TOC contents, which are very close to 
the TOC of the commercial AC. 
 
3.2. Full factorial design: model fitting and statistical analysis 
The normal probability distribution plots of the factors influencing each response 
are depicted in Figures S1 to S6 (SM). The regression models (equations 3 to 8) were 
statistically evaluated as presented in Table S2 (SM). The P-value for all models is less 
than 0.05, indicating that the models satisfactorily fit the experimental data. 
 
𝑌෠yield = 15.28  - 1.38 x2 - 10.50 x3 - 1.77 x1x3  (3) 
𝑌෠SMX = 32.47 + 16.89 x1 +14.09 x3 + 10.70 x1x3  (4) 
𝑌෠CBZ = 31.11+24.46 x1 + 11.17 x3  + 9.45 x1x3 (5) 
𝑌෠PAR = 39.07 + 29.06 x1 + 7.75 x3 + 5.36 xଵxଷ (6) 
𝑌෠TOC = 55.05 - 1.25 x1 + 4.12 x3+ 5.78 x1x3   (7) 
𝑌෠BET = 795.76 + 371.44 x1  + 262.40 x3 - 25.83 x2x3x4 (8) 
 
The results on the optimization of the experimental data, performed using a surface 
response methodology, are presented in Table 2. The surfaces concerning the dependence 
of the response in terms of the residence time (X2) versus the temperature of pyrolysis (X1); 
precursor/activating agent ratio (X3) versus the temperature of pyrolysis (X1); and/or 
precursor/activating agent ratio (X3) versus the residence time (X2) are presented in Figures 
S7 to S12, in SM.  
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Overall, factors X1 and X3 have the highest influence, presenting better results for 
the higher level, corresponding to 800 ºC and 1:1 ratio of precursor/activating agent, 
respectively (Table 2). The type of activating agent showed to have little influence in the 
values of SBET. An important aspect of this study is that the chemical activation was 
performed at a precursor/activating agent ratio of 1:1 when specially, in the case of KOH, 
the chemical activation usually uses a precursor/KOH ratio between 2 and 4 [30-32]. Also, 
it is important to highlight that the heat treatment (pyrolysis) and activation were performed 
in one step only, reducing the environmental impact of the production and also the 
production costs. The PCA biplot analysis (Figure 2) clearly shows that the ACs 3, 4, 6, 
and 7 are grouped, with very similar responses in what concerns SBET and percentage of 
adsorption for SMX, CBZ, and PAR. This group is separated from the other produced 
carbons by the TOC and is clearly more distant from the yield of production, which is 
confirmed by the low yield values that ACs 3, 4, 6 and 7 presented. This group presents the 
highest SBET and adsorption percentages, and therefore, these materials were chosen to 
perform further physicochemical characterization, which is presented in section 3.3. 
Concerning the application of the desirability function to analyse the optimization 
of all responses simultaneously, the results show that the AC with the best responses was 
the one produced with a temperature of pyrolysis of 800 ºC, a residence time of 60 minutes, 
a precursor/activating agent ratio close to 1:1 (0.6 in the codified variables between -1 and 
1, meaning a precursor/activating agent ratio around 2:1 to 3:1), and using KOH as 
activating agent. This production conditions are closer to those used to prepare AC 4, which 
is consistent with the optimization results (Table 2). The desirability value, D, was 0.643, 
indicating a favourable balance of the responses. 
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3.3. Physical and chemical characterisation of the selected ACs 
All the produced ACs were analysed through TOC and SBET analyses. The ACs 3, 4, 
6 and 7, indicated by the PCA as the carbons with the highest SBET and adsorption 
percentage towards the three studied pharmaceuticals, were selected for further physical 
and chemical characterisation to deepen the knowledge on their properties, namely in what 
concerns their surface chemistry. These characteristics are also important for the future 
analysis of the interactions between the adsorbents and the adsorbates. 
 
3.3.1. Proximate and Ultimate Analyses 
The results of proximate and ultimate analyses (Table 3) show that the carbon 
materials possess a high content in fixed carbon, which is consistent with the TOC 
determination (Table 1). Correspondingly, these ACs possess low content in ashes (below 
15%) which is also in accordance with the low IC content of the samples. 
 It is well known that ACs contain several heteroatoms, being hydrogen, oxygen, 
nitrogen, and sulphur, the most abundant. All the heteroatoms are important to the 
properties of the ACs, but oxygen-containing functional groups, namely the ones at the 
edge of the structure, are those that have greatest influence in the surface chemistry of the 
materials [33]. The four best ACs possess a high content in oxygen and the high O/C 
atomic ratio indicates the high incidence of oxygenated functional groups such as hydroxyl, 
carboxylate, and carbonyl. The low values of H/C atomic ratios indicate a high degree of 
aromaticity of the ACs [12], relatively to the raw material (PS).  
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3.3.2. pHpzc and surface chemical groups 
The results obtained for pHpzc and surface functionality of the four best adsorbents 
produced are presented in Figure 3 and in Table S3 of SM.  
Regarding the acidity/basicity, the pHpzc clearly indicates that the selected ACs 
present an acidic surface which is confirmed by the determination of the acidic oxygen-
containing functional groups by the Boehm’s titrations (Figure 3 and Table S3 of SM). 
Besides the acidic groups (carboxyl, lactones, and phenols), the Boehm’s titration also 
allows to determine the total amount of basic groups. From the results, it is possible to see 
that the surface chemistry of the ACs 3, 4, 6 and 7 are mostly determined by phenols and 
lactones. These are mainly oxygenated groups, which is in agreement with the high O/C 
atomic ratio presented in Table 3. 
Some values obtained for carboxylic groups, namely for ACs 4 and 7, are negative 
which cannot be considered as valid results. These negative values can be explained by the 
inexistence or very low amounts of carboxyl groups, associated with some sources of 
ambiguity in the results of this methodology which have already been pointed out by 
several authors:  a) simple titration ratios are not always attained on the uptake of bases, b) 
the bases uptake can be affected by the equilibration time in a porous carbon c) it can occur 
restriction on the accessibility of the bases to inner pores and d) it may exist side reactions 
on the carbon surface or with the reactants [30]. Furthermore, the stereochemical proximity 
between functional groups can alter the properties of each one, since it is known that the 
properties of the functional groups are strongly related to their local environment [30, 33]. 
One can also observe that AC 7 possesses less lactones than the other three ACs. Also, AC 
4 is the one that possesses the highest content of total basic groups combined with a low 
content of total acidic groups, which is in accordance with the pHpzc as it is the carbon with 
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the highest pHpzc (when compared with ACs 3, 6 and 7). This is clearly seen in the graphs a) 
and b) in Figure 3 where it is interesting to observe that the pHpzc shows the same pattern 
(dotted lines) than the content of basic groups although not so pronounced. AC 6 possesses 
a slightly higher amount of acidic groups which is also in accordance with the pHpzc values.  
 
3.3.3. SBET 
 The results concerning the N2 adsorption isotherms for ACs 3, 4, 6, and 7 (Table 1 
and 4) show, as expected, that the four ACs with higher SBET present a high prevalence of 
micropores (around 68% of the total pore volume). Also, the apparent densities are very 
low which is consistent with the high degree of microporosity of the materials and also with 
low yields of production obtained for these materials.  
 
3.3.4. SEM 
SEM was used to analyse the surface morphology of ACs 3, 4, 6 and 7. From the 
SEM images (Figure 4), it can be observed that the produced ACs possess a high level of 
porosity. The structure is irregular and the presence of pores is well defined, as it was 
expected according to the results obtained by the N2 adsorption isotherms (Table 4). 
However, the amplification used in SEM mostly revealed the macroporosity (> 50 nm) of 
the ACs, not being able to detect microporosity (Figure 4). 
 
3.4. Future work 
The potential demonstrated by the ACs produced (particularly ACs 3, 4, 6 and 7) 
justify an additional evaluation of their performance, including kinetic and equilibrium 
studies and the evaluation of their adsorptive capacity in wastewater. Also, in order to 
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assess the real applicability of using PS as an AC precursor, an inclusive economic analysis 
should be the focus of future work. Some relevant aspects are to be considered, namely the 
impact of the pyrolysis energy balance (energy demand versus energy recovery), costs of 
activating and washing reagents, use of a waste as raw material (taking into account savings 
in waste management and in the exploitation of conventional AC precursors) and scale of 
the production facilities.   
 
4. Conclusions 
 In this work, a full factorial design was applied to produce a waste-based AC with 
optimal conditions to remove three pharmaceuticals from water. Four factors (pyrolysis 
temperature, residence time, precursor/activating agent ratio, and type of activating agent) 
were studied at two levels and their influence in six responses (yield of production, 
percentage of adsorption for SMX, CBZ, and PAR, TOC, and SBET) were evaluated. The 
main factors affecting the SBET and the percentage of adsorption of the selected 
pharmaceuticals, were found to be the pyrolysis temperature and the precursor/activating 
agent ratio. The highest temperature (800 ºC) and highest precursor/activating agent ratio 
(1:1) resulted in SBET between 1380 and 1630 m2 g-1 and percentages of adsorption for the 
three pharmaceuticals of 78% (in average), using only 0.015 mg L-1 of AC. A desirability 
function allowed to make a multivariate analysis of all the responses and to select the best 
produced AC. Overall, the results obtained show that the AC produced according to the 
optimal selected conditions are suitable for the removal of CBZ, SMX and PAR from 
water, with adsorption percentages significantly higher than those of a reference 
commercial AC. Thus, using primary paper mill sludge as precursor, the full factorial 
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design was proven to be an effective approach for selecting the most appropriate conditions 
to produce a highly efficient AC capable to compete with commercial ACs in the market.  
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Table 1 – Codified variables and responses obtained for the produced and the commercial 
ACs. 
 Variables Responses 
AC X1 X2 X3 X4 Yield (%) 
Ads (%) 
SMX 
Ads (%) 
CBZ 
Ads (%) 
PAR SBET (m
2 g-1) TOC (%) 
1 + + - - 26.4 23±3 31±3 55±3 1017 42.5±0.2 
2 + + - + 23.5 32±2 42±3 58±1 923 52±2 
3 + + + + 2.7 71±1 81±3 81±1 1627 67±1 
4 + - + + 2.8 71±3 81±1 90.0±0.2 1531 66±2 
5 + - - - 30.9 25±5 33±3 53±5 630 41.3±0.2 
6 + - + - 3.7 80±2 59±2 70±4 1389 62.8±0.2 
7 + + + - 3.4 75±2 85±1 84±5 1583 59±1 
8 + - - + 30.0 19±5 34±2 54±2 637 40±1 
9 - + + - 5.2 23±6 13.8±0.3 20±5 766 54±1 
10 - - - + 23.7 13±3 3±2 9±5 200 58.1±0.2 
11 - + - + 21.6 14±3 6±2 9±2 372 59±1 
12 - + + + 5.7 21±2 8.8±0.1 16±5 473 54.8±0.4 
13 - + - - 22.6 8±2 4±1 4.5±0.1 244 57±1 
14 - - - - 27.5 13±2 6±1 8±2 244 58.0±0.4 
15 - - + - 7.8 16±2 5±1 8±6 573 55.2±0.3 
16 - - + + 7.0 16±1 6±1 6±2 523 54.9±0.5 
Commercial AC used as reference 
PBFG4 (Chemviron) 29±4 18±5 30±2 848a 77.5 ± 0.1a 
X1 – Pyrolysis temperature (650 ºC (-) and 800 ºC (+)) 
X2 – Residence time (60 minutes (-) or 150 minutes (+)) 
X3 – Precursor:activating agent ratio (10:1 (-) and 1:1 (+)) 
X4 – Activating agent (K2CO3 (-) and KOH (+)) 
adata published in [17] 
 
 
 
Table 2 – Optimization results for the experimental data with the maximum values 
obtained for each response. 
 Optimization results 
Responses Yield Ads (%) SMX Ads (%) CBZ Ads (%) PAR TOC (%) SBET (m2 g-1) 
Maximum 28.93 74.16 76.19 81.24 63.69 1455 
X1 800 ºC 800 ºC 800 ºC 800 ºC 800 ºC 800 ºC 
X2 60 min * * * * 60 min 
X3 10:1 1:1 1:1 1:1 1:1 1:1 
X4 * * * * * KOH 
X1 – Pyrolysis temperature; X2 – Residence time; X3 – Precursor:activating agent ratio; X4 – Activating agent 
 
*Not significant 
 
 
Table 3 – Proximate and ultimate analyses of the raw material (PS) and ACs 3, 4, 6 and 7. 
M
at
er
ia
l  Proximate Analysis (db) Ultimate Analysis (dab) 
Moisture 
(wt%) 
Volatile 
Matter 
(wt%) 
Fixed 
Carbon 
Content 
Ash 
(wt%) FC/VM % C % H % N % S % O O/C H/C C/N 
PS 4.78 63.75 8.30 27.94 0.13 46.69 5.42 1.51 0.00 46.38 0.993 0.116 31.0 
AC 3 6.85 23.26 63.12 13.62 2.71 72.27 1.35 0.69 0.38 25.31 0.350 0.019 105.1 
AC 4 19.71 21.34 65.54 13.12 3.07 73.82 2.56 0.67 0.00 22.95 0.311 0.035 109.5 
AC 6 16.38 25.46 62.57 11.97 2.46 81.32 1.48 0.87 0.00 16.33 0.201 0.018 93.2 
AC 7 16.55 25.52 63.74 10.74 2.50 78.45 1.60 1.14 0.46 18.36 0.234 0.020 68.8 
Notes:  
Except for moisture, all values in proximate analysis are presented in a dry basis (db).  
The values of FC were determined by difference.  
Ultimate analysis values are presented in a dry and ash free basis (dab). 
The values of % O were estimated by difference: % O=100-C-H-N-S. 
 
 
 
Table 4 – Textural parameters of the carbons: Vp – total pore volume; Wo – micropore 
volume; L – average micropore width for ACs 3, 4, 6 and 7. 
AC Apparent density, ρHg (g cm-3) 
N2 adsorption at −196 °C 
Vp (cm3 g-1) 
Dubinin-Astakhov (DA) 
W0 (cm3 g-1) L (nm) 
3 0.09 1.07 0.73 1.74 
4 0.10 0.96 0.69 1.73 
6 0.10 0.83 0.64 1.66 
7 0.09 1.00 0.71 1.74 
 
 
 
Figure 1 – a) Percentage of adsorption of the three studied pharmaceuticals (CBZ, SMX, 
and PAR) and b) SBET values, for the produced ACs and a commercial AC (PBFG4). 
 
Figure 2 – Biplot of the principal component analysis. 
 
Figure 3 – a) Plot of pHpzc versus amount of total acidic surface groups for the ACs 3, 4, 6 
and 7; b) Graphical representation of the amounts of the acidic and basic surface groups. 
 
Figure 4 – SEM images at different magnifications (3 000x, 10 000x, 30 000x, and 
50 000x): a) AC 3; b) AC 4; c) AC 6; d) AC 7. 
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